A marked intracellular reduction of six lysosomal enzymes could be demonstrated in fibroblasts from four different patients with mucolipidosis type I1 or I-cell disease. In contrast to that finding, conditioned media from the same cells contained a 2-10-fold increase of the activities of five lyso-, soma1 enzymes over control values. In obligate heterozygotes elevated lysosomal enzyme activities in the conditioned media were also found, but normal enzyme activities were measured intracellularly. A functional impairment of the lysosomal de radation of ( 3 5~0 4 ) mucopoly~accharide (MPS) and of P (3 Sl-sulfatide could be shown in the I-cell fibroblasts. as a \ , consequence of decreased enzyme activities. Substitution of the enzyme-deficient cells with normal urinary arylsulfatase A and with mucopolysaccharide degrading factors from normal conditioned media was possible, but failed when urine from patients or conditioned media factors from the I-cell fibroblasts were used.
Speculation
Genetic disorders of lysosomal functions can be caused not only by lack of synthesis or by a structural defect of a lysosomal enzyme, but also by a genetically determined loss of enzyme into the extracellular fluid. These lysosomal enzymes are functionally abnormal only insofar as they cannot be retained within the cells, and, furthermore, once they are outside of the cells, they can not re-enter the cells by pinocytosis as can normal enzymes.
Mucolipidosis I1 or inclusion cell (I-cell) disease is an inherited condition clinically resembling a classic mucopolysaccharidosis, without the typical excessive excretion of mucopolysaccharides in urine (15) . Highly increased levels of lysosomal enzyme activities are found in the extracellular fluids of the patients (17, 21, 22) . In cultured fibroblasts from patients typical granular cytoplasmic inclusions are seen, hence, the name I-cell disease (10) . A multiple deficiency of lysosomal enzymes has been demonstrated in cultured I-cell fibroblasts (10, 1 I). In a preliminary report (18) we have shown that increased lysosomal enzyme activities also can be measured in conditioned culture medium of I-cell fibroblasts. We have now confirmed these findings for a number of different I-cell lines from patients with mucolipidosis I1 and have studied the impact of the multiple enzyme deficiency on lysosomal function in the I-cell fibroblasts. Furthermore, the 866 WIESMANN AND HERSCHKOWITZ effect of the substitution of deficient lysosomal enzymes on RESULTS the degradation defects was analyzed. Finally, stimulated by the paper of Hickman and Neufeld (9) , who postulate an impaired uptake of lysosomal enzymes via defective recognition sites, the uptake of lysosomal arylsulfatase A (EC. 3.1.6.1) from I-cell patient into enzymedeficient cells was studied.
MATERIAL AND METHODS

TISSUE CULTURE
Skin fibroblasts from four patients with mucolipidosis I1 (24) were grown in Eagle's minimal essential medium supplemented with 10% fetal calf serum as described previously (20) .
ENZYME DETERMINATIONS
For determination of enzymes the cells were grown to confluency, trypsinized with 0.25% trypsin, washed once in 0.9% saline, and sonicated two times for 30 sec at o0 in a Branson Ultrasonicator. The culture medium was not sonicated but was dialyzed overnight against 0.1 M Na acetate buffer, pH 5.7, before enzyme determination.
Arylsulfatase A and B were determined according to the method of Baum et al. (2) . Acid phosphatase was assayed according to the method of Baggiolini e t al. (1) . All other lysosomal enzymes were measured according to the method of Van Hoof and Hers (16) . Malate dehydrogenase (MDH) and lactic acid dehydrogenase (LDH) were estimated following the methods of Bergmeyer (3). Heat inactivation of aryls~lfata~se A was measured after incubating the cell homogenates at 60 for 30 min. Heat inactivation of N-acetyl-0-galactosoaminidase was performed by heating the homogenates at 55 for 30 min. Proteins were determined according to the Lowry method (12).
PREPARATION OF ARYLSULFATASE A AND OF CORRECTIVE FACTORS
Partially purified arylsulfatase A was prepared from normal human male urine by ammonium sulfate precipitation as described previously (20) . Conditioned culture medium concentrates were prepared according to the method of Fratantoni e t a1 (6) .
PREPARATION OF (3 S)SULFATIDE
(3 S)Sulfatide was prepared from rat brain as described previously (8, 20) . The specific activity was 350 pCi/mmol.
INTRACELLULAR ACTIVITY O F LYSOSOMAL ENZYMES
The intracellular activity of six lysosomal enzymes was markedly reduced in all four I-cell fibroblast strains as shown in Table 1 . The activity of acid phosphatase, however, was normal. Nonlysosomal enzymes like MDH, a mitochondria1 enzyme, and LDH, a cytoplasmic enzyme marker, were normal. Mixing of cell homogenates of normal and I-cell fibroblasts gave intermediate enzyme activities. Fibroblasts from obligate heterozygotes (parents of patient GG) showed normal activities of the lysosomal enzymes.
EXTRACELLULAR LYSOSOMAL ENZYME ACTIVITIES IN CONDITIONED CULTURE MEDIA
Lysosomal enzyme activities have previously been found elevated in "used" (conditioned) culture medium in which fibroblasts from patient GG had been growing for 3 days (1 8). This preliminary finding could be confirmed in the culture media obtained from three more I-cell fibroblast lines as shown in Table 2 . No increase in the activity of nonlysosomal enzymes (LDH and MDH) could be detected in the media of these cells. Fibroblast medium from the parents of patient GG also showed elevated lysosomal enzyme activities ( Table 2) .
FUNCTIONAL DEFECTS O F THE LYSOSOMAL DEGRADATION ~e~r a d a t i o n of (35 SO4) MPS.
In normal cells the half-life of the degradation of 3 5 SO4-labeled MPS was estimated to be 4-5 hr. In the fibroblasts of the patients with mucolipidosis I1 the half-life was 24-36 hr. In contrast, the rate of disappearance of the label from cells of a Hurler patient yielded a half-life of more than 48 hr (Fig. 1) .
Degradation o f (3 5~)~u l f a t i d e .
In the presence of (3 s)-sulfatide in the culture medium for 3 days this compound accumulated intracellularly in I-cell fibroblasts about twice the amount in normal cells. In metachromatic leucodystrophy (MLD) fibroblasts the accumulation was up t o 3 times the normal values. At the same time the degradation of (3 S)sulfatide to free extracellular SO4 in I-cell fibroblasts proceeded only at about 30% of normal but still at higher rates than in MLD fibroblasts (Fig. 2) .
Substitution of Arylsulfatase A in I-cell and in MLD Fibroblasts. Arylsulfatase A preparation from normal urine was added in increasing amounts to the medium in which fibroblasts from I-cell or from MLD patients were growing (Fig. 3) . Addition of extracellular enzyme resulted in nearly linear dose-dependent increase in intracellular arylsulfatase A in both enzyme-deficient cell lines. However, when arylsulfatase A activity prepared from urine of mucolipidosis I1 patients was used, no such substitution of intracellular enzyme ' Aryl A, aryl B: arylsutfatase A, B: NAGA: N-acetyl-p-galactosaminidase; NAGU: Nacetyl-p-glucosaminidase; a-Fuc: or-fucosidase; ND: number of determinations. Enzyme activity was measured in an aliquot of the conditioned medium. The activity in an aliquot of unconditioned medium was substrated from this value. The total activity was calculated from the net activity of the aliquot for the total volume of the medium (15 ml) and corrected for the protein of the cells of the culture from which the media had been harvested. SO4 -prelabeled fibroblasts in chase experiments (6, 13) .
Concentrates of conditioned culture media from normal fibroblasts (Fig. 4 ) markedly increased the rate of disappearance of the label through partial correction of the degradation in Hurler, Hunter, and Sanfilippo fibroblasts (Fig. 4) . Concentrates from media from I-cell fibroblasts were not able t o correct the faulty degradation in any of the three mucopolysaccharidoses.
The defective (3 S04)MPS degradation in I-cell fibroblasts, however, was corrected by the addition of normal conditioned 1 1, 17) . Some evidence exists that lysosomal enzyme activities also are decreased in patients' liver, skin (17, 22) , and leucocytes (1 7). An important exception this multiple enzyme deficiency in fibroblasts is the apparent normal activity of acid phosphatase and 0-glucosidase (9, 19) . There is residual enzyme activity of the deficient enzymes. These display normal pH optimum and heat inactivation characteristics. Thus we have n o evidence for a structural abnormality of the metabolic active site. As a consequence of the low intracellular lysosomal enzyme activity we could demonstrate abnormal degradation function of the lysosomes. Both substrates tested, (3 S04)MPS synthetized by the cells themselves and (3 S)-sulfatide, a lipid added exogenously t o the culture medium, are accumulated by the fibroblasts because of defective degradation. However, the block in the degradation of these two compounds is not as complete as in single lysosomal enzyme deficiencies. Increased lysosomal enzyme activities in the culture medium and in the extracellular fluids of patients with mucolipidosis I1 seems t o be a unique explanation for a multiple intracellular lysosomal enzyme deficiency. There seems t o be a inverse correlation between intracellular and extracellular enzyme activity. Normal acid phosphatase activity (18) and low normal 0-glucosidase (9, 19) activity were found in conditioned culture media and in plasma of patients with mucolipidosis I1 (19) . In preliminary experiments we could show that in every 3 hr as much of the total residual activity of arylsulfatase A appears in the medium of I-cell Since the parents are clinically normal it could be speculated that not presence of increased extracellular lysosomal enzyme activities but decreased intracellular enzyme activities in vivo is responsible for the clinical picture of muclipidosis 11. In cultured fibroblasts from patients with metachromatic leucodystrophy (20) and with mucopolysaccharidosis of various types (13) caused by single lysosomal enzyme deficiencies the missing enzyme can be substituted by supplementing this enzyme into the culture medium. It is taken up by pinocytosis and localized in secondary lysosomes as can be shown by electronmicroscopy (4) . Arylsulfatase A, MPS-degrading factors, as well as other macromolecules like (14c)dextran (19), are normally pinocytosed and retained by I-cell fibroblasts and the substitution of enzyme is followed by a correction of the defective lysosomal degradation.
Enzymes prepared from conditioned culture media and/or urine of patients with mucolipidosis I1 failed t o be pinocytosed into enzymedeficient cells. This observation, first published by Hickman and Neufeld (9) for I-cell N-acetylpgalactosaminidase, has now been confirmed for arylsulfatase A. The same mechanism also explains the failure of I-cell media concentrates t o correct the defective metabolism of ( j SO4 )MPS in mucopolysaccharidoses.
As it has been suggested by Paigen (14) , enzymes not only can be structurally abnormal in respect t o inactivation of the active site, but also in regard t o a retention or intracellular localization unit, leaving the enzyme fully active. The structural alteration could possibly be a carbohydrate unit of the lysosomal enzyme glycoproteins (7, 23) . Such alteration must be small since preliminary data did not reveal significant differences between I-cell and normal arylsulfatase A regarding density gradient ultracentrifugation and isoelectrofocusing (19) . We think that the loss of lysosomal enzymes into the extracellular fluids or culture medium is closely related t o the fact that they are not taken up into fibroblasts from the medium. The same localization defect that makes them leave the cells may be responsible for the fact that they can not re-enter the cells. T o explain the multiplicity of the enzyme defect we assume that the structural change occurs at a part common t o all of the enzyme molecules and which is under genetic control independent of the gene which regulates the synthesis of the active site. In this respect it may be relevant that Fishmann e t al. (5) could demonstrate a partial deficiency of a glycosyltransferase in two out three fibroblast lines of patient with mucolipidosis 11.
SUMMARY
A marked decrease in the activity of arylsulfatase A and B, both hexosaminidases, a-fucosidase, and 0-galactosidase, was found in fibroblast lines from four patients with I-cell disease.
The activities of acid phosphatase and of nonlysosomal enzymes were found t o be normal. The pH optimum and thermolability of the residual activity of arylsulfatase A and N-acetyl-0-galactosaminidase were normal. The activities of arylsulfatase A and B, both hexosaminidases, and of a-fucosidase in the conditioned culture media from all four cell strains were found t o be 2-10 times higher than normal. Thus, the decrease in the activity of intracellular lysosomal enzymes was considered t o be the consequence of a loss of enzymes into the extracellular space.
The rate of degradation of (35S04)MPS and of (35S)sulfatide was abnormally low in I-cell fibroblasts, which indicated that the function of the lysosomes was affected by this loss of enzymes.
Increased cell death as a source of extracellular lysosomal enzyme activity could be excluded. No evidence was found which indicated loss of lysosomal enzymes on the level of the secondary lysosomes. Substitution of the enzyme-deficient cells with normal arylsulfatase A was possible and the enzyme was retained normally, but substitution with arylsulfatase A from urine of a patient with I-cell disease failed. Substitution experiments with arylsulfatase A from urine of obligate heterozygotes gave intermediate correction.
Correction of the faulty (3 S04)MPS was achieved by conditioned media fractions from normal fibroblasts but not with conditioned media fractions from patient fibroblasts.
The results suggest a loss of lysosomal enzymes from the cells, before the entry into secondary lysosomes and a failure of these enzymes t o reenter the cells. A theory is presented t o explain both the loss of enzymes and the fact that they are unable t o reenter the cells.
